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Background
In 1998, the Japanese government encouraged municipalities to voluntarily seek solutions to global warming by enacting the Law Concerning the Promotion of Measures to Cope with Global Warming. As a result, many governments at the prefecture and municipality levels have become increasingly concerned about global warming issues and the need for appropriate regional policies.
All prefectural governments in Japan estimate regional greenhouse gas (GHG) emissions according to guidelines established by the Ministry of the Environment and publish concrete plans for GHG reduction. All prefectures also set up departments or divisions focused on environmental problems. In contrast, many municipalities, especially smaller ones, do not have designated staff focused on environmental administration. Therefore, prefectures play a more important role than municipalities in addressing global warming at the sub-national level.
As a prerequisite to framing appropriate environmental policies at the regional level, it is necessary to quantify each region's environmental burden. For instance, Hasegawa [1] estimated CO 2 emissions among industries at the prefectural level in Japan in 1995 and 2000 and clarified the differences in emissions structures among regions and industries. Kudoh et al. [2] estimated CO 2 emissions from vehicles at the municipal level in Japan and investigated policies for emissions reduction, taking into consideration regional characteristics. Most studies, including these two, confine their accounting to direct emissions in a region, excluding emissions related to electricity.
When considering the scope of emissions for which a region is responsible, two types of regional emissions can be identified. The first, "production-based" emissions, refers to the CO 2 actually emitted by industries in a region as a result of production activities. The other is "consumption-based" emissions: the CO 2 emissions that were required to satisfy final demand for goods and services by a region's population as well as those emitted directly by households from private automobiles or for heating.
Production-based emissions can generally be identified by simply summing direct emissions; however, accounting for consumption-based emissions requires considering not only direct but also indirect emissions. Consumption-based emissions, excluding direct emissions from households, are frequently referred to as a "carbon footprint."
A carbon footprint does not necessarily align with the direct emissions in a given region due to regional characteristics such as the locations of industrial production and housing, the pattern of interregional transactions, and the division of labor. In general, the smaller the region examined, the larger the difference between its carbon footprint and its direct emissions. The portion of a carbon footprint that is generated outside a region can be interpreted as the region's "carbon leakage¹." These amounts have grown recently because of the increasing division of labor and more frequent interregional transactions. Large levels of carbon leakage make it difficult to estimate carbon footprints.
Accurate identification of carbon footprints by estimating carbon leakage among regions and industries is necessary, however, to establish effective policies to counter global warming at the regional level. An input-output (IO) model, especially a multi-region IO (MRIO)² model, is one useful tool for carbon footprint analysis³. Several studies have verified the usefulness of MRIO models in estimating comprehensive environmental loads. For instance, Vringer et al. [3] estimated land use and GHG emissions induced by household consumption in the Netherlands by using different models, including an MRIO model, and investigated the differences in empirical results among models. The authors concluded that an MRIO model could comprehensively estimate environmental loads induced by final demand and proposed a hybrid multi-region (HMR) method that linked MRIO models with process analysis.
Numerous studies have analyzed carbon footprints by using MRIO tables and focusing on the environmental impact of international trade. For instance, Ackerman et al. [4] investigated how trade between Japan and the USA influences the volume of global CO 2 emissions by changing the trading structures in MRIO models. Su and Ang [5] calculated exports and imports of CO 2 using the Asian International Input-Output Table compiled by the Institute of Developing Economies Japan External Trade Organization (IDE-JETRO) in order to reveal the process through which emissions embodied in trade are distributed within a country's final demand through feedback effects.
Although carbon footprint analyses tend to adopt an international perspective, several studies, such as those by Su and Ang [6] and Zhou and Imura [7] , have used MRIO models at the sub-national level to investigate comprehensive environmental impacts. Both of these studies focused on spatial variation and aggregation related to environmental impacts and conducted environmental analyses by using IO tables compiled by IED-JETRO for eight regions of China. Notably, Su and Ang [6] argued that it is essential to consider spatial aggregation in a country with large regional variations in emissions structures, particularly for large countries such as China.
Most studies, including the aforementioned, use officially compiled, existing MRIO tables; as a result, there are few regions for which the proposed models are applicable. It is more useful and flexible to construct an original MRIO table, using the wellestablished method⁴, according to the objective of the study. This paper thus constructs an original MRIO table linking all of Japan's 47 prefectures, using this process to both highlight issues involved with constructing MRIO tables and propose a construction method that is widely applicable in many settings. This paper also undertakes a regional analysis of carbon footprints using the constructed MRIO table; the results are shown to have important implications for climate policy.
The rest of the paper is organized as follows. In Section 2, we explain the method used for constructing the MRIO table based on inter-prefecture shipments among all prefectures in Japan. In Section 3, we develop a CO 2 emissions model based on the constructed MRIO table. In Section 4, we estimate the carbon footprints and carbon leakages for all prefectures in 2005 and analyze the results. Finally, we discuss prefectural emissions responsibilities by considering both consumer and producer responsibilities⁵; this allows us to identify significant outstanding issues in sub-national environmental policy.
Construction of an MRIO table

Background
Regional IO tables can be classified into single-region input-output (SRIO) tables and MRIO tables. While SRIO tables endogenously identify transactions among industrial sectors within a single region, MRIO tables endogenously consider the transactions between multiple regions and reveal interrelationships among regions. MRIO tables can therefore comprehensively calculate economic repercussions by considering the effects inside and outside a region as well as the rebound effects. SRIO tables underestimate economic repercussions because they cannot account for all of the effects that are included in an MRIO table. It is thus desirable to use MRIO tables when analyzing carbon footprints, as carbon leakage largely depends on economic repercussions.
Although Japan's Ministry of Economy, Trade, and Industry (METI) compiles an interregional IO table for Japan that is segmented into nine regions, this segmentation is not thorough enough for conducting a detailed analysis of the regional implications of emissions policies. A district is not simply a large monolithic area but rather includes many local governments that are diverse in terms of emissions sources, as we later show in our analysis.
It would be almost impossible to construct a complete interregional table from scratch, as proposed by Isard [8] , because this requires an enormous amount of data on interregional trade that is unavailable. Most studies have instead constructed simplified MRIO tables, typically of the Chenery-Moses type, using limited data in an operational framework. Ishikawa and Miyagi [9] , however, attempted to construct interregional IO tables that covered all prefectures in Japan; in the process, the authors noted certain issues concerning METI's compilation of interregional IO tables. Ishikawa and Miyagi focused on accurately estimating interregional trade coefficients using a large quantity of interregional trade data as well as IO data and adjusted the estimated coefficients to make the total output of all prefectures consistent with that of Japan as a whole; they were thus able to propose a sophisticated method for constructing interregional IO tables. In their resulting table, industrial sectors were aggregated into 45 sectors, presumably due to data limitations.
The 45-sector classification groups together industries with significantly different emissions intensities as one sector. For example, "ceramic, stone, and clay products," a single sector in the classification, includes both cement and glass production, despite the fact that cement's emissions intensity is more than 20 times that of glass. The aggregation level significantly affects the results of the IO calculations, particularly when emissions intensities differ largely among the subsector's industries; Jacobsen [10] illustrated this by comparing results from 27-sector IO calculations to 117-sector results. A more detailed classification is thus required for accurate carbon footprint analysis.
This paper constructs an original MRIO table with classification into over 45 sectors using only the data available from SRIO tables; we are thus able to demonstrate a method that requires less data and thus can be widely applied in different countries. We do this by taking advantage of SRIO tables compiled by each prefectural office; such tables are available for all prefectures in Japan. Using these, we construct an MRIO table for 2005 consisting of every prefecture in Japan by applying a non-survey technique. Figure 1 shows the names and locations of Japan's prefectures. As there are 47 prefectures in Japan, the constructed IO table consists of 47 regions. In the MRIO tables presented in this paper, we have used the SRIO tables, which offer the most detailed sector classification available, to compile industrial sectors with the highest level of detail possible. As a result, we consider 80 industrial sectors, which corresponds to the middle classification in the SRIO table compiled by METI, as shown in Table 1 . Figure 2 shows the framework of the MRIO table constructed in this paper. The grey cells indicate transactions that can be identified from the prefectural SRIO tables, while those in the other cells must be estimated. Data for the output vector (x), value-added vector (v), final demand vector (f ), and intermediate demand matrix (Z) in Fig. 2 is taken directly from the prefectural SRIO tables, as is that for the foreign export vector (e), domestic export vector (d), foreign import vector (m), and domestic import vector (n)⁶. Therefore, the balance equation is expressed using the available data as follows: The prefectural SRIO tables are in the competitive foreign import (and domestic import) form. This paper divides foreign import volumes into intermediate and final demand by using foreign import coefficients; the same is done for domestic imports. Eqs. (2) and (3): 
Table construction methods
Equations (4) and (5) indicate intraregional transactions for intermediate demand and final demand, respectively. Using these two equations, we can divide both intermediate and final demand into internal supply, foreign imports, and domestic imports, as shown in Eqs. (6) and (7). This paper applies the RAS method, using total domestic exports and imports in each region as the control totals to estimate each element of the matrix shown in Fig. 3 . In other words, we simultaneously estimate trade flows to meet intermediate and final demand by applying the RAS method to a rectangular matrix. Although the RAS method is most commonly used to update or estimate a square input coefficient matrix, it is frequently applied to other types of matrices. For example, Hasegawa [1] constructed energy flow matrices for Japan consisting of 33 sectors and 47 prefectures by applying the RAS method modified for a rectangular matrix, and Lahr and Mesnard [11] explained the application of the RAS procedure to a rectangular matrix.
In the RAS calculation, a matrix for approximation is required. We construct the approximation matrix by distributing total domestic imports (i.e., NZ and Nf ) for each column across the 46 prefectures according to the ratio of the corresponding prefecture's monetary output to the total (the sum for all 46 prefectures). The elements of the approximation matrix are expressed in Eqs. (8) and (9) . The diagonal elements of the approximation matrix are set to zero⁷ for consistency with Fig. 3 . As a result of the RAS calculation, the diagonal parts are estimated to be zero and the other estimated elements are consistent in that the sums of the row and column elements are equal to total domestic exports and imports, respectively.
The economic interpretation of the ordinal RAS procedure is that a matrix of intermediate transactions is adjusted to consider substitution and fabrication effects⁸. This arises because we use the RAS method on an interregional trade matrix including intermediate and final demand; the RAS procedure thus involves not only the two effects but also the change of the trade outlet and the substitution of demand between selfsupplied products and imports. It is assumed that the former occurs via adjustments to the row quantities and the latter via adjustments to the column quantities.
The constructed table is available online as Additional files⁹ 1, 2, 3, 4, 5, 6, 7, 8, and 9. 
Carbon footprint analysis method
In this section, we explain the method used for carbon footprint analysis based on the MRIO table, which was constructed using the method explained in the previous section. The output balance equation in the row direction is expressed via Eq. (10) because domestic exports and imports are endogenous in the MRIO table. 
As shown in Fig. 2 , the constructed IO table excludes foreign imports (m) in the endogenous sector and the final demand sector by subtracting them from the column direction in a lump sum. Therefore, the foreign import vector is originally excluded from Eq. (10). We develop Eq. (10) into Eq. (11), below.
Next, we estimate both production-based emissions q In Eqs. (12) and (13), C and H are diagonal matrixes with emissions coefficients c and h, respectively. Equation (12) refers to production-based emissions-i.e., the CO 2 emitted to produce domestic final demand goods and exports. Equation (13) then considers consumption-based emissions, including indirect emissions needed to satisfy regional final demand, which is the first term on the right-hand side, and direct emissions of households from private vehicles or heating, which is the second term on the right-hand side.
This paper defines the first term on the right-hand side of Eq. (13) as a carbon footprint and investigates carbon leakage among industries and prefectures. Equation (13) does not include the carbon footprints generated in foreign countries to produce Japan's foreign imports: we focus on analyzing carbon footprints and leakage for domestic emissions only.
Results
Total emissions at the prefectural level
First, we investigate total emissions at the prefectural level. Table 2 shows total and per capita emissions for each prefecture, broken down into production and consumption causes. In terms of total emissions, Chiba (12) has the largest volume of production- (17), and Ehime (38). These results imply that emissions volume and the relative ranking for a given prefecture differ significantly depending on the criteria for calculating emissions. In 24 prefectures, production-based emissions are larger than consumption-based emissions, whereas in the remaining 23 prefectures, the inverse is true. Figure 4 plots productionand consumption-based emissions at the prefectural level based on the framework presented in Table 2 . In this figure, the horizontal axis represents production-based emissions and the vertical axis, consumption-based emissions. The more distant a marker is from the 45°line in the figure, the larger the imbalance in the two categories of emissions. Consumption-based emissions are much larger than production-based emissions in Tokyo (13), while Fukui (18) shows an opposite trend. Figure 4 shows that there is less prefectural variation in consumption-based emissions than in production-based emissions. The former varies mostly depending on per capita total expenditures on final demand and the latter on industrial structure and per Fig. 4 Differences between production-and consumption-based emissions in each prefecture capita total industrial output. Emissions intensities show wide variations among industries, with an approximately 1500-fold difference between the largest and smallest intensities in the 80-sector classification. Therefore, we expect that differences in industrial structure are the largest contributor to the large variation in productionbased emissions. Figure 4 also shows large differences between the two emissions categories in many prefectures, indicating the importance of investigating carbon footprints at the sub-national level. Next, we address the prefectures' carbon footprints. As defined in Eq. (13) in Section 3, a carbon footprint is regarded as consumption-based emissions, excluding direct household emissions. Figure 5 shows a breakdown of the carbon footprints generated by each prefecture within its boundaries and throughout the rest of Japan. Carbon footprints generated in the rest of Japan are interpreted as carbon leakage. The ratio of carbon leakage to total carbon footprint averages 51.7 % at the prefectural level, ranging from 34.8 % (Okinawa (47)) to 79.8 % (Shiga (25)). The results reveal that carbon leakage is relatively large and differs significantly across prefectures. Therefore, it is essential to identify carbon leakage more quantitatively to estimate the prefectures' carbon footprints.
Carbon leakage and economic leakage: the case of Tokyo
In this subsection, we focus on the carbon footprint derived from final demand in Tokyo. Tokyo directly and indirectly induces production and emissions in not only Tokyo but also other prefectures. It is clear that Tokyo's influence on other prefectures is significant, but the influence differs in terms of economic or emissions-related effects. These differences are not always clearly identified at the prefectural level. Table 3 shows the carbon footprint and induced production derived from final demand for several industrial sectors in Tokyo for which the differences are large or notable. The CO 2 emitted in other prefectures is described as carbon leakage. Similarly, the production induced in other prefectures can be also described as "economic leakage" because Tokyo "leaks" economic activities into other prefectures through the economic repercussions of satisfying its final demand. We investigated carbon leakage and economic leakage induced by Tokyo's final demand within sectors to identify the differences in carbon and economic leakage. Table 3 shows the prefecture-country ratio of the carbon footprint and production induced by Tokyo's final demand.
First, we focus on leakages based on Tokyo's final demand from the agriculture, forestry, and fisheries sector (1). The carbon footprint generated by Tokyo accounts for 14.3 % of the total amount in Japan. At the same time, 17.4 % of the induced production is generated in Tokyo, which implies that its carbon leakage is greater than its economic leakage. Focusing on the breakdown by prefecture, Tokyo's carbon leakage is larger than its economic leakage to Fukushima (7) and Chiba (12) , while the inverse is true for Hokkaido (1) and Osaka (27). This offers a concrete example of how Tokyo's influence on the economy and environment differs across prefectures.
In the fabric (7) sector, 8.5 % of the carbon footprint and 13.2 % of the monetary output are generated in Tokyo. Tokyo's final demand generates a greater carbon leakage than economic leakage around its own prefecture. Table 3 also shows that Tokyo generates a relatively large carbon leakage to western Japan and a large economic leakage around its own prefecture when considering metal products for construction and architecture (36).
In the house rent (imputed house rent) (66) sector, 96.5 % of induced production is generated in Tokyo, meaning that there is almost no economic leakage. In contrast, the carbon footprint generated in Tokyo accounts for only 31.7 % of the national total, and Tokyo leaks carbon to many prefectures. Therefore, there are large differences between carbon and economic leakage in this sector.
Finally, we verify the differences between carbon and economic leakage based on total final demand in Tokyo. These are also estimated using the METI-compiled interregional IO table, which is segmented into nine regions. Table 4 compares the results Table 3 , we find that a larger carbon footprint than induced production is generated in Ibaraki (8), Chiba (S12), Kanagawa (14) , Niigata (15), Nagano (20), and Shizuoka (22). These prefectures thus show the opposite tendency to Kanto as a whole. Table 3 shows that the carbon footprint generated in Tokyo accounts for 41.8 % of the national total, while 65.7 % of induced production is generated in Tokyo. Table 3 also confirms that Tokyo's carbon leakage is larger than its economic leakage.
Conclusions
This paper, motivated by increasing concern on the part of sub-national governments over global warming, analyzed prefectural carbon footprints in Japan. We constructed an original MRIO table, which we made freely available online, using data from 2005 that consisted of all prefectures in Japan and 80 industrial sectors; by applying a non-survey technique, we determined the structure of emissions at the prefectural level. The Including prefectures (2), (3), (4), (5), (6), and (7) Kanto 62.42 78.25 64.90 80.26
Including prefectures (8), (9), (10), (11), (12), (13), (14), (15) Including prefectures (18), (25), (26), (27), (28), (29) Note: The table shows carbon footprint and induced production derived from total final demand in Tokyo (13) emissions structure was compiled considering both consumer and producer responsibility. We also investigated the carbon footprint generated by final demand in Tokyo and identified Tokyo's carbon leakage and economic leakage to prefectures across Japan. Our analyses revealed that in many prefectures, production-based emissions differ significantly from consumption-based emissions. There were larger variations in production-based emissions than in consumption-based emissions. We also found that the ratio of carbon leakage to carbon footprint averages 51.7 % at the prefectural level and ranges from 34.8 % (Okinawa) to 79.8 % (Shiga).
Although various activities in prefectures affect both types of emissions, productionbased emissions are strongly influenced by policies enacted to attract industry, the spatial division of labor, and production technology at the prefectural level. Consumption-based emissions, in contrast, are shaped by consumer behaviors, such as consumption patterns and environmental consciousness, as well as the scale of final demand. Based on these results, we conclude that environmental policies within each prefecture should divide emissions sources and address them by considering producer and consumer responsibility.
We also investigated the carbon footprint and production induced by Tokyo, Japan's largest metropolitan area. It is clear that Tokyo's influence on other prefectures is significant, but this influence differs between economy and emissions. We illustrated how these differences are not accurately identified at the regional level by comparing Tables 3  and 4 . Our analysis noted differences at the prefectural level and found certain prefectures benefitting from or suffering a loss in terms of carbon footprint and induced production due to final demand in Tokyo. The results indicate that Tokyo's influence in terms of carbon and economic leakage varies significantly from prefecture to prefecture and that, as a whole, Tokyo has a larger carbon leakage than economic leakage.
The prefectural variation in production-based emissions results from the industrial distribution promoted by each industry at the national level; prefectural governments' policies have not strongly influenced industrial activities in the past. This suggests that prefectural governments are less responsible for production-based emissions than is the national government and have difficulty in directly addressing these.
To implement effective emissions reduction policies, prefectures should thus focus on addressing consumption-based emissions from the viewpoint of consumer responsibility. This is because Japan's prefectures can exercise relatively more discretion when framing environmental policies related to the residential sector. To reduce consumption-based emissions by promoting environmentally friendly consumer behavior, it is important to inform consumers of how regional characteristics affect carbon footprints. The methodology and results presented in this paper can help to do this.
Before closing, we will note some topics for future research. In constructing its MRIO table, this paper adopted a method that requires limited data to disaggregate industrial sectors and can be widely applied. As a result, however, it was necessary to sacrifice some precision in the constructed table. Interregional trade was estimated using the RAS method based on output shares; finding alternatives to this approach is an area in need of future research. In order to facilitate more reliable analyses of carbon footprints at the regional level, it is necessary to develop a method, as in Ishikawa and Miyagi [9] , for constructing an interregional IO table with more accurate estimations of interregional trade at a detailed industry level.
With respect to our carbon footprint analysis, there are some shortcomings that should be noted. First, this paper did not consider the carbon footprint induced in foreign countries by Japanese final demand. Second, this paper did not alter emissions intensities for a given industry depending on the prefecture and therefore did not address regional differences in emissions intensities. Third, our analysis was confined to identifying the current status of prefectural emissions and did not extend to analyzing prefectural policies related to global warming.
Although these issues remain to be addressed, this paper has expanded the scope of IO analysis of carbon footprints at the regional level; its approach can be applied to undertake quantitative analysis of global warming policies considered by prefectures.
Endnotes
1 Generally speaking, carbon leakage refers to the phenomenon wherein overseas emissions (especially those in countries with less strict environmental regulations) increase because of emissions restrictions in a given country. However, this study considers carbon leakage to refer to the more general case of economic activity in one country (region) leading to induced emissions in another country (region) through the division of labor and trade.
2 IO models linking multiple regions are classified into interregional and multiregional IO models. The former consists of a complete set of intra-and interregional data and is often labeled "Isard type." The latter links single-region models using simplifications and is often labeled "Chenery-Moses type" or "Leontief-Strout type" (see pp. 76-101 of Miller and Blair [12] for details of the two models). This paper mainly focuses on MRIO as an IO model linking multiple regions, as compared with a single-region input-output (SRIO) model. 3 In a special issue of Economic Systems Research devoted to carbon footprints, Minx et al. [13] and Wiedmann [14] summarized the applications of the IO model to carbon footprint analysis, including a brief description of the historical context. 4 Peter et al. [15] proposed a method to construct environmentally extended MRIO tables using the database of the Global Trade Analysis Project (G-TAP) and used the constructed table for analysis. The authors also proposed six key questions regarding the construction of an MRIO table using the G-TAP database. Similarly, Muñoz and Steininger [16] constructed MRIO tables from the G-TAP database in order to account for Austria's CO 2 responsibility due to consumption-based emissions. 5 Gallego and Lenzen [17] present a discussion related to producer and consumer responsibility for environmental burdens and attempt to construct a framework that uses an IO model to assign producer and consumer responsibility. 6 Some prefectural SRIO tables do not distinguish between foreign and domestic exports. In such cases, we divided the given figures using data from SRIO tables for the nine regions, as compiled by METI. The same procedure was followed for imports, where necessary. 7 It has been reported that when the diagonal elements are set to zero, the RAS calculation is unable to converge or requires a large number of iterations to converge. However, our calculation easily converged, presumably because the diagonal elements of our matrix account for only 1/47th of all elements.
